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Abstract— An easy-to-use representation of vapor chambers is developed 
in terms of effective anisotropic properties. This approach enables accurate 
simulation of the vapor chamber represented as a solid conduction block by 
assigning appropriate values to its effective density, specific heat, in-plane 
thermal conductivity, and through-plane thermal conductance. These 
effective properties are formulated such that the vapor chamber operation 
in terms of steady-state and transient thermal response matches a full, 
physical simulation of phase change and energy transport in the vapor core; 
they are intrinsic properties that can be applied independent of the boundary 
conditions and heat input.  
Index Terms— vapor chamber, heat pipe, thermal conductivity, 
transient, anisotropic   
I. INTRODUCTION 
Vapor chambers are passive devices that utilize the latent heat of a 
working fluid to effectively spread heat from localized hotspots to 
larger surface areas [1–3]. Direct numerical and analytical simulation 
of the temperature response of vapor chambers [4–9] has involved 
prediction of the governing mass, momentum, and energy transport in 
the wick and vapor core, as well as coupling between these domains 
via evaporation and condensation. An alternative, and much more 
convenient, approach is to represent the wick and vapor core as solid 
blocks with appropriately assigned effective thermal properties, such 
that this proxy system can be simulated using conduction physics to 
obtain the correct transient and steady-state thermal response of a 
vapor chamber. Semi-empirical relations for the effective thermal 
properties of porous wicks are available in the literature [10]. For the 
vapor core, the effective thermal conduction properties must represent 
the actual physical processes of interfacial phase change and vapor 
flow. An effective in-plane (x, y) thermal conductivity for the vapor 
core is easily computed [11]; however, this property is not physically 
representative of through-plane (z) transport. No universal model 
parameter for through-plane effective thermal transport is available 
that yields an accurate prediction of vapor chamber temperatures. 
In this work, we develop an effective anisotropic properties-based 
representation of the vapor core, which enables simulation of a vapor 
chamber as a conduction block to model its transient thermal response. 
The approach is verified against a validated time-stepping analytical 
model for vapor chamber transport [9] and exhibits excellent 
agreement across a wide range of operating and boundary conditions. 
The assumptions made in deriving these intrinsic effective properties 
are then used to formulate generalized expressions for estimating the 
error in thermal response a priori. 
II. DERIVATION OF THE EFFECTIVE PROPERTIES 
A. Thermal transport in the wall and wick 
Heat transfer in the wall of a vapor chamber takes place via conduction 
and can be trivially represented by known solid properties. In the wick, 
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thermal transport occurs via conduction through the solid/liquid porous 
medium and advection due to liquid flow. Typical operating conditions 
result in a low Peclet number, and it is thus assumed that heat transport 
in the wick is primarily diffusive; advection is neglected [12]. Under 
these assumptions, the wick can be simulated via conduction in a solid 
block having the effective porous medium properties . 
B. Thermal response of the vapor core 
Two phenomena govern energy transport in the vapor core, namely, 
phase change at the wick–vapor interface and vapor flow.  
Mass flux due to phase change at the wick–vapor interface is 
computed using kinetic theory, 
 





















where all the symbols are defined in Table I.  
Vapor transport is assumed to be incompressible, 2D, quasi-steady 
and diffusive, and described by 
The pressure in the vapor core is assumed to be uniform along the z-
direction, therefore  
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Integrating equation (3) along the z direction with no-slip boundary 
conditions at the wick–vapor core interfaces, and performing mass 
balance over an elementary control volume in the vapor core yields 














The saturation temperature in the vapor core is related to pressure using 
the Clausius-Clapeyron equation [13]. A linearized version of 
Clausius-Clapeyron equation is employed that assumes a constant 











where the reference temperature is taken as the mean saturation 
temperature of the vapor core at any given point in time. Combining 
equations (4) and (5), and substituting the evaporation and 
condensation mass fluxes using equation (1), results in 
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C.  Representation of vapor core transport as conduction in a solid 
To simulate the thermal response of the vapor core as a conduction  
block, equation (6) is mapped to the proxy heat diffusion equation, 
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.  (7) 
where Tsat,p is an analogous representation of the vapor core saturation 
temperature. Because equation (6) is derived by assuming that the 
pressure, and therefore the saturation temperature, in the vapor core 
along the z-direction is uniform, equation (7) is averaged along the z-
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A comparison of the physical saturation temperature distribution, 
equation (6), with the left side of equation (8) shows that the effective 













= = , (9) 
which is consistent with the literature [11].  
Furthermore, on comparing equation (8) to the right-hand side of 
equation (6), an effective conductance per unit length can be defined 
as a closed-form expression: 
 







= . (10) 
Note that kz is not an effective thermal conductivity, but rather a 
conductance per unit length, and its magnitude is highly case-specific. 
For simulating the transient behavior of the vapor core, the effective 
density eff and specific heat Cp,eff of the solid conduction block 
representing the vapor core can be taken as the vapor properties. 
 
eff ,eff;  p pC C = = . (11) 
The effective anisotropic properties kx, ky, kz, along with eff and 
Cp,eff, can be specified in the simulation of conduction to yield the same 
steady and transient thermal response as a vapor core. These intrinsic 
properties depend only on the working fluid properties and vapor core 
thickness, and are independent of any boundary condition. 
III. IMPLEMENTATION AND VERIFICATION 
The effective anisotropic properties are verified by comparing the 
result of a conduction simulation using these effective anisotropic 
properties against an experimentally validated time-stepping analytical 
model for vapor chamber transport [9]. Two demonstration cases (Case 
1 and Case 2) are considered that impose different boundary conditions 
on a vapor chamber of a fixed geometry. The temporal and spatial 
variation of temperatures on the evaporator and condenser surfaces are 
compared between the effective anisotropic properties-based 
representation and the physical vapor chamber model. 
A. Implementation 
Figure 1 shows the geometry of the vapor chamber used in Case 1 and 
Case 2, with wall, wick and vapor core thicknesses of 200 µm, 150 
µm, and 200 µm, respectively. The wall and wick are each discretized 
into 800,000 computational cells , and the vapor core has 160,000 cells. 
The vapor core is meshed with a single element across its thickness, as 
shown in Figure 1. This is done to ensure that only a single 
computational node exists along the thickness of the vapor core at a 
given planar location. This allows for solving an axially averaged 
saturation temperature in the vapor core. Using more than one 
computational node in the axial direction will lead to an axial gradient 
of saturation temperature in the vapor core. This will give an incorrect 
prediction because the expressions derived in equation (9), (10) and 
(11) are valid only for computing the axially averaged saturation 
temperature in the vapor core. 
TABLE I: NOMENCLATURE 
Symbol Units Symbol Units 
A surface area (m2) R gas constant (J kg-1 K-1) 
Cp specific heat (J kg
-1 K-1) Re Reynolds number (-) 
hfg enthalpy of vaporization (J kg
-1) revap 
effective evaporator radius 
(m) 
hvap vapor core thickness (m) T temperature (K) 
kx 
thermal conductivity along x 
(W m-1 K-1) 
To operating temperature (K) 
ky 
thermal conductivity along y 
(Wm-1K-1) sat
T  vapor core mean Tsat (K) 
kz 
thermal conductance per unit 
length along z (Wm-1K-1) 
u velocity along x (m s-1) 
L length scale (m) Umax scale for velocity (ms
-1) 
m" mass flux (kg m-2 s-1) v velocity along y (m s-1) 
P pressure in the vapor core (Pa) x, y, z coordinate axes 
Po saturation pressure at To (Pa) r effective radius (m) 
Q power input (W) ∆Tsat Tsat drop in the vapor core  
∆P pressure drop in the vapor core Tsat,p Representative Tsat (K) 
q" heat flux (Wm-2) sat,pT  Axially averaged Tsat,p (K) 
   ∆Tsat,non-linear ∆Tsat calculated using Clausius-Clapeyron equation (K) 
Subscripts 
cond Condenser int interface 
evap Evaporator vap vapor 
sat Saturation x, y, z coordinate axis 
eff effective property error error induced in the quantity 
Greek 
ϕ Constant, Eq (1) (kg m-2 s-1 K-1)  vapor density (kg m
-3) 
 accommodation coefficient (-) µ vapor dynamic viscosity (Pa s) 
 
The conduction simulations utilizing the effective anisotropic 
properties are implemented in ANSYS Fluent [14]. Copper is chosen 
as the material for modeling the walls as a solid conduction block. The 
solid conduction block used for modeling the wick is taken as a 
sintered copper with a porosity of 0.6 and thermal conductivity of 40 
W/(mK), as in [9]. The vapor core is modeled as a solid block with 
effective properties as proposed in equations (9), (10), and (11). Water 
is used as the working fluid for both Case 1 and Case 2. Due to the 
temperature-dependence of the physical properties of the working 
fluid, the effective thermal properties of the vapor core are updated at 
each time-step based on the mean vapor core temperature. It should be 
noted that because the effective properties depend only on the physical 
design of the vapor chamber, the implementation of the effective 
properties is exactly the same for both Case 1 and Case 2. A second-
order upwind scheme is used for spatial discretization, while a first-
order implicit scheme is employed for temporal discretization of the 
heat diffusion equation. The time step for the solution is 0.2 s, with the 
vapor chamber initialized to T = 300 K at t = 0 s. The solution at each 
time step is considered converged when the residual falls below 1 × 
10-12. 
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Figure 1. Illustration of the geometry and mesh of the vapor chamber 
considered. Note that the vapor core is meshed as a single layer for 




Figure 2. Vapor chamber boundary conditions used for verification of the 
effective anisotropic properties method: (a) Case 1 has a centrally located heat  
source with steady power generation on the otherwise insulated bottom-side 
Surface B and the top-side Surface A with a uniform heat transfer coefficient ;  
(b) Case 2 has two eccentrically located and staggered heat sources with 
different heat transfer coefficients on Surface C and Surface D. 
 
 
Figure 3. For Case 1: (a) transient maximum temperature rise and (b) spatial 
temperature profile on the Surface A (condenser) and Surface B (evaporator) at 
the end of 40 s. 
For the purpose of verification, the same cases simulated via the 
effective-properties approach from the present study are also solved 
using the time-stepping analytical model as implemented in Ref. [9]. 
The validated model of a vapor chamber from Ref. [9] solves for 
thermal and hydraulic transport in the wall, vapor core, and wick. The 
model features a series solution in space for the governing equations 
and a forward marching scheme for obtaining the transient response.  
 
B. Case 1: Centrally located heat source with steady power 
generation 
A schematic diagram of the boundary conditions applied to the vapor 
chamber in Case 1 is shown in Figure 2 (a). The bottom side, Surface 
B, which acts as the evaporator in this case, is insulated except for a 
centrally located 7.2 mm × 7.2 mm heat source (H1; Q = 14 W). The 
top Surface A, which acts as the condenser surface, rejects heat to the 
ambient (300 K) with a heat transfer coefficient of 50 W/(m2K). 
Figure 3 compares the thermal response obtained using the effective 
anisotropic properties method (dashed lines) and the time-stepping 
analytical model (solid lines). Figure 3(a) plots the maximum 
temperature on the surfaces with time. Figure 3(b) shows the 
temperature profile along line a-a (shown in the inset) at the end of 40 
s on both surfaces. The temporal and spatial temperature predictions 
are in excellent agreement, with a maximum deviation of only 0.7 K at 
the center of the evaporator at the end of 40 s using the effective 
through-plane conductance formulation for kz per equation (10). For 
reference, this deviation is compared to two alternative representations 
of the through-plane transport (results not plotted in Figure 3). If kz was 
instead assumed to be same as the effective in-plane thermal 
conductivity (kx, ky), i.e. isotropic, the deviation would increase to 7.0 
K (underprediction). Or, if kz was assumed equal to the gas thermal 
conductivity, this would result in a severe overprediction by 67.5 K.   
 
 
Figure 4. Time-varying power generation profile of heat source H2 in Case 2. 
Case 2: Two eccentrically located and staggered heat sources with 
transient power generation  
For Case 2, a mixed set of boundary conditions is used on both the 
bottom (Surface D) and top (Surface C) surfaces to demonstrate that 
the effective anisotropic properties are independent of any complex 
boundary conditions imposed. The positions of the heat sources on 
Surface C (H2, 10 mm × 5 mm, variable heat input) and Surface D 
(H3, 10 mm × 15 mm; Q = 15 W) are shown in Figure 2 (b). The power 
generation in heat source H2 varies with time as shown in Figure 4. 
All other exposed areas of Surface D and C reject heat to the ambient 
(300 K) with heat transfer coefficients of 1000 W/(m2K) and 500 
W/(m2K), respectively.  
Figure 5 shows a comparison of the transient thermal response for 
Case 2 using the effective properties method (dashed lines) and the 
time-stepping analytical model (solid lines). Figure 5(a) plots the 
variation of the transient maximum temperature for both surfaces, and 
Figure 5(b) shows the temperature profile along line a-a (shown in 
inset) at the end of 40 s. The temperature profile predicted using the 
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effective properties method shows an excellent match with the time-
stepping analytical model. It is evident that the effective anisotropic 
properties method can predict the temporal and spatial temperature 
variation with good accuracy compared to the time-stepping analytical 
model, even in the cases where non-uniform time-varying boundary 
conditions exist. The maximum deviation in the prediction of spatial 
temperature distribution is only 0.16 K for this case. It should be noted 
that the relative difference in temperatures between the two models is 
highly case-specific, but this nevertheless demonstrates excellent 
agreement for a relatively complex scenario. 
 
 
Figure 5. For Case 2: (a) transient maximum temperature rise and (b) spatial 
temperature profile on Surfaces C and D at the end of 40 s.  
IV. SCALING-ANALYSIS-BASED ERROR ESTIMATION 
Several key assumptions were required to derive the effective 
properties, the validity of which depends on the given heat load and 
vapor core thickness. Expressions for the estimated errors in 
predicted thermal response due to each assumption are derived based 
on scaling analyses in this section. These expressions can be 
evaluated to estimate error for any vapor chamber case 
independently, without requiring comparison to a full vapor chamber 
model. For each assumption, the error term is defined as the ratio of 
the magnitude of error in saturation temperature drop to the total 











The total temperature difference across the vapor core (denominator) 
is approximated as the sum of the saturation temperature drop in the 
vapor core and the maximum wick–vapor core interfacial temperature 
difference from equation (1). The definition of error in equation (12) 
will give an upper bound on the relative error in temperature 
prediction, as the total temperature drop across the vapor chamber will 
actually be higher than the temperature drop across the vapor core, 
resulting in a lower relative error. 
A. Assumption 1: Neglecting convective transport in the vapor core 
In the derivation of the effective properties for vapor core transport, it 
is assumed that the contribution from convective transport is negligible 
compared to the diffusive transport. An error estimate is required for 
the case where convective transport in the vapor core is comparable. 
The error is estimated by first estimating the error in the pressure drop 
in the vapor core, and then relating this error in pressure drop to the 
error in temperature drop using the linearized Clausius -Clapeyron 
equation.  
To estimate the error in pressure drop for the case with comparable 
convective transport in the vapor core, it can be assumed that the non-
dimensional convective and diffusive transport terms are of the same 
order. Therefore, the scale of error in the pressure drop by neglecting 
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 The error term given by equation (13) is proportional to the pressure 
drop in the vapor core. Thus, to get an approximation of pressure drop 










  = . (14) 
Here, Umax is an estimation of the centerline velocity of the vapor flow, 
and can be approximated from mass conservation over the vapor core 
cross-sectional area in the evaporator region as 
 
( )( )max evap vap fg2
Q
U
r h h 
 . (15) 
where revap is the effective evaporator radius given as evapA  . 
Substituting equation (15) into (14), the pressure drop in the vapor core 











  . (16) 
Using the linearized Clausius-Clapeyron equation, the corresponding 
















Hence, using equations (13), (16) and (17), and the definition of error 
as given in equation (12), error in the vapor core saturation temperature 
drop due to neglecting convective transport, as a fraction of total 
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B. Assumption 2: Linearizing the Clausius-Clapeyron equation 
In the derivation of the effective properties, a linearized version of the 
Clausius-Clapeyron equation is used to relate pressure to the saturation 
temperature drop in the vapor core. The linearized Clausius-Clapeyron 
equation is valid for cases when the temperature range over which the 
linear approximation is applied is comparable to the reference 
temperature. Hence, if the predicted temperature drop in the vapor core 
fails to meet the validity criterion of the linearized Clausius-Clapeyron 
equation, an estimation of the error induced in the predicted thermal 
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response of the vapor chamber is required. The absolute magnitude of 
error in predicted temperature will be 
 
sat,error sat sat,non-linearT T T =  −  . (19) 
where 
satT  is the predicted temperature drop in the vapor core using 
the linearized Clausius-Clapeyron equation from equation (17) and
sat,non-linearT  is the temperature drop in the vapor core without 
linearizing the Clausius-Clapeyron equation. If Po is the saturation 
pressure at the operating temperature of the vapor chamber To, then the 
temperature drop in the vapor core without linearizing the Clausius -
Clapeyron equation can be approximated as  
 
sat




  − , (20) 
where P  is the pressure drop in the vapor core approximated from 
equation (16). Using the definition of error from equation (12), the 
error in the vapor core saturation temperature drop, due to the 
linearization, is defined as 














C. Error evaluation 
The error expressions (equations (18), (21)) are functions of the 
maximum heat flux, heat source and vapor chamber footprint area, 
vapor core thickness, fluid properties, and operating temperature. It is 
important to note that all these parameters are available without any 
need for resorting to simulations , and the error can be assessed from 
known conditions and parameters. This allows a user to judge whether 
the effective properties method provides an accurate prediction a 
priori. 
The errors are explored now with varying vapor core thickness and 
input heat flux at To = 325 K. The heat source and vapor chamber 
footprint areas are taken for the example of Case 1 with water as the 
working fluid.  
Figure 6(a) plots contours of the percentage error in the saturation 
temperature drop induced by neglecting convective transport in the 
vapor core. The error in the specific heat flux and vapor core thickness 
from Case 1 is only 2.2 % of the total temperature difference of the 
vapor core. More generally, the plot also shows that the error induced 
is relatively smaller at lower heat fluxes; lower vapor velocities (due 
to lower heat flux) facilitate diffusive transport in the planar direction. 
There is a non-monotonic trend in the error with the vapor core 
thickness. At smaller thicknesses, the diffusive transport in the vapor 
core becomes a better assumption. At very large vapor core 
thicknesses, convective transport is not negligible compared to 
diffusive transport, but the magnitude of error induced becomes a 
smaller fraction of total temperature difference of the vapor core. 
These opposing trends lead to the error being a maximum at some 
intermediate thickness.  
The error induced in prediction of the saturation temperature drop 
due to linearizing the Clausius-Clapeyronon equation is plotted as a 
function of vapor core thickness and heat flux in Figure 6(b). For the 
specific parameters of Case 1, the error induced is 0.7 %. The error can 
become large at very small thickness for which there is large 
temperature drop in the vapor core, such that the linearized Clausius-
Clapeyron equation is no longer a valid assumption.  
It is recommended that these error terms be evaluated for each case 
of interest where the effective-properties simulation is to be applied. 
Even with this caution, the errors shown in Figure 6 indicate that the 
effective properties-based representation accurately captures the 
physics of vapor chamber thermal transport, providing a more 




Figure 6. Percent errors, shown as contour maps as a function of the input heat 
flux and vapor core thickness, due to (a) neglecting convective transport in the 
vapor core and (b) linearizing the Clausius-Clapeyron equation. The error in the 
thermal response computed for Case 1 is indicated using a solid dot.  
 
V. CONCLUSION 
This paper demonstrates accurate simulation of vapor chamber thermal 
transport as conduction in a solid block represented by effective 
thermal anisotropic properties. The intrinsic effective properties 
derived depend only on the working fluid properties and vapor core 
thickness, and are independent of boundary condition. Expressions are 
formulated to allow estimation of the error associated with use of these 
effective properties before running a simulation, enabling a user to 
determine the suitability of this approach for a particular vapor 
chamber and the conditions of interest. 
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